Abstract: Certain parasite species have free-living stages, so habitat range may influence host-species range. We tested whether regional occurrence and habitat use of parasitic water mites were related to their host-species range. We collected 7445 Arrenurus Dugès, 1834 mites from 7107 coenagrionid damselflies, representing 11 host species from 13 sites in southeastern Ontario and southwestern Quebec. Because larval water mites are difficult to identify morphologically to species, we chose to amplify the barcode fragment of cytochrome oxidase subunit I to explore host-species ranges. Fifteen operational taxonomic units or clades were identified based on the amplification from 217 larval mites. The Arrenurus clades that were present in both bog and marsh habitats had a broader host-species range than clades found only in marshes (the comparison with one clade found only in bogs lacked statistical power). As predicted, host-species range increased with the regional occurrence of an Arrenurus clade. Additionally, the most commonly barcoded species also have high host-species ranges. This result could be because species with broader host-species ranges are more common and were more likely to be sampled and barcoded (an explanation we favor), or due to sampling bias. Although this is the first study exploring whether habitat range affects host-species range, further investigation is needed to tease apart which habitat factors influence host-species ranges the most.
Introduction
Many factors are thought to influence host specificity of parasites (Poulin 2007) . Ecological factors are those that presumably affect encounter between the host and the parasite. These include spatial and temporal overlap between host and parasite and host abundance (Vazquez et al. 2005) . If the parasite is not present in the same habitat or at the same time as a particular host species or when that species is abundant, then that parasite will not be able to infect that host species effectively or at all (Poulin 2007) . Other biological factors presumably include host defenses, parasite exploitation, and transmission mechanisms that might be subject to phylogenetic constraints (Edwards and Vidrine 2006; Mouillot et al. 2006) and that might influence local adaptation (Lajeunesse and Forbes 2002) .
A nonbiological factor that might affect parasite-host ranges may be sampling effort. With increased collecting, a parasite species will likely be seen to have a greater host-species range than if sampling was incidental (Poulin 1992) . Sampling bias has been suggested in many study systems ranging from mistletoes in Australia (Grenfell and Burns 2009 ) to macroparasites of fishes in the Mediterranean (Sasal et al. 1998) . In other systems, some parasites are often present in low numbers and might not be infecting many host species at particular sites, but still are present at many sites on specific host species (Kennedy 2012) . Therefore, spatial variables such as regional occurrence and (or) specificity of habitat use could potentially explain host-species ranges.
We studied the host-parasite associations between Arrenurus Dugès, 1834 (Arrenuridae) water mites, the most common ectoparasites of odonates (Corbet 1999) , and their coenagrionid damselfly hosts. Arrenurus water mites are parasitic only during the larval stage of their life cycle; the remainder of the time they are either aquatic predators or have quiescent developmental stages in the water column (Smith et al. 2010) . Because Arrenurus mite species are only associated with a host during one of its lifehistory stages (i.e., the larva), they need to be adapted to their aquatic habitat during their free-living stages, which make this a model system to test for relationships between habitat and hostspecies ranges.
We tested for an association between water mite host-species range and their general and specific habitat use by relating the host-species range with the habitat preferences (marsh or bog) of a given Arrenurus clade. We also tested whether the extent of the clade's regional occurrence (number of sites where the water mite was present, irrespective of wetland type) was associated with host-species range. Not all odonates are widespread across a diversity of habitats, some are restricted to certain wetland types; there is, however, also some overlap in odonate communities in bogs and marshes (Corbet 1999) . We expect that there would be a positive correlation between host-species range and habitat breadth, as well as between host-species range and regional occurrence.
Materials and methods

Sampling and identification
Damselfly specimens representing 14 coenagrionid species were collected in 13 sites (6 bogs and 7 marshes) along a 400 km longitudinal transect in southeastern Ontario to southwestern Quebec (Table 1 ; see Mlynarek et al. 2014a ). Collections were done using aerial sweep nets on a weekly basis for 8 weeks in June and July 2011. During each site visit, up to 30 individuals of each damselfly species were collected (following Mlynarek et al. 2014a ). All the damselflies were stored individually in 95% ethanol. In the laboratory, damselflies were reidentified to species. Each damselfly specimen was examined for water mites using a ZEISS SteREO Discovery V8 dissecting microscope. All mites were counted, collected, and stored in 95% ethanol.
A chosen subset of mites were sent to the Barcode of Life database (BOLD; available from http://www.boldsystems.org/, accessed 10 December 2014) (Ratnasingham and Hebert 2007) , Canadian Centre for DNA Barcoding (CCDB; available from http://www.ccdb. ca/, accessed 10 December 2014) at the Biodiversity Institute of Ontario for sequencing of the cytochrome oxidase subunit I (COI) using standard high-throughput methods (Ivanova et al. 2006) . DNA was extracted from 285 randomly selected larval water mites. This random selection was stratified as follows: if present, 10 mites from every host species at every site were collected. Each mite was chosen randomly from a different host individual from a given species if there were enough infected individuals of that species. Eleven damselfly species had thoracic mites and eight damselfly species had both thoracic and abdominal mites. In those latter species, five thoracic and five abdominal water mites were collected because thoracic and abdominal mites are often different species (Mitchell 1964) .
Contiguous sequences were edited and assembled from chromatograms using SEQUENCHER version 4.7 (Gene Codes, Ann Arbor, Michigan, USA). COI sequences were aligned manually in MESQUITE version 2.75 (Maddison and Maddison 2011) according to the translated amino acid sequence. Sequences are deposited in GenBank (KJ709142-KJ709343; Supplementary Table S1 1 ). Homologous sequences from four Arrenurus water mite individuals collected from sphagnum sprite (Nehalennia gracilis Morse, 1895) and sedge sprite (Nehalennia irene (Hagen, 1861)) damselflies (Mlynarek et al. 2014b ) and four marsh bluet (Enallagma ebrium (Hagen, 1861)) damselflies (Mlynarek et al. 2013) were included in the COI alignment, and seven water mite species were selected from GenBank to serve as outgroups (AB530314, JX838402, JX836526, JX835088, JN018105, JN018109, AB530311). Pairwise distances were calculated using neighbour-joining analysis with the uncorrected ("p") model in PAUP* version 4.0b10 (Swofford 2003) .
Phylogenetic analysis of the COI data set was performed using maximum-likelihood inference in PhyML version 3.0 (Guindon and Gascuel 2003) . The best-fit model of molecular evolution was determined to be GTR+I+G using MrModeltest version 2.3 (Nylander 2004) . Branch support was estimated using nonparametric bootstrap with 1000 replicates.
Habitat and regional occurrence
We collected at two different site types (bogs and marshes) to increase the number of different hosts species that were included, as this would allow breadth in host-species range values. Both of these wetland types are lentic water bodies with different water acidity, which could have an effect on the survival of immature and adult water mites. If a water mite clade is present at both site types, then we can expect that its free-living aquatic stages can withstand a wider range of habitats than those only occurring at one site type (e.g., a bog specialist may only be able to survive in an acidic environment).
Regional occurrence of a water mite species was simply a count of the number of sites a water mite clade or "species" was col-1 Supplementary Table S1 is available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjz-2015-0077. 
Statistical analyses
To determine if there was potential for a sampling bias, we tested whether there was a relationship between the number of host species and the number of mites of a given clade that were barcoded, determined using a Spearman's correlation (r S ). Following this analysis, we tested for an effect of habitat use (marsh only, bog only, both bogs and marshes) on host-species range using a Kruskal-Wallis H test, which was most appropriate because of the small sample sizes. If there was a significant difference, we then performed a Mann-Whitney U test to determine between which pairs of comparisons were significantly different. Finally, a second Spearman's correlation was performed to determine the relationship between regional occurrence of a water mite clade and the number of recorded host species. All three statistical tests were performed in JMP version 11 (SAS Institute, Inc. 2013).
Results
Arrenurus sampling and identification
A total of 7445 Arrenurus water mites were collected from 7107 damselflies across 13 sites. Eleven of 14 damselfly species (taiga bluet, Coenagrion resolutum (Hagen in Selys, 1876); azure bluet, Enallagma aspersum (Hagen, 1861); boreal bluet, Enallagma boreale Selys, 1875; common bluet, Enallagma cyathigerum (Charpentier, 1840); E. ebrium; Hagen's bluet, Enallagma hageni (Walsh, 1863); orange bluet, Enallagma signatum (Hagen, 1861); fragile forktail, Ischnura posita (Hagen, 1861); eastern forktail, Ischnura verticalis (Say, 1839); N. gracilis; N. irene) were infected by at least one Arrenurus water mite individual from 1 of the 13 sites.
A 683 base pairs (bp) fragment of COI was successfully amplified from 217 Arrenurus specimens. A total of 327 characters were parsimony informative and 356 were uninformative. The maximum likelihood performed on the COI data set resulted in a wellsupported evolutionary hypothesis (tree length (TL) = 1355, consistency index (CI) = 0.4, retention index (RI) = 0.93; Fig. 1 ) with most nodes having moderate to high support. The ingroup was divided into 15 well-supported molecular operational taxonomic units (OTU) or clades (Fig. 1) . Mean (±SD) interclade divergence was 10.7% ± 5.8% and mean (±SD) intraclade divergence was 0.7% ± 0.5% (cf. Mlynarek et al. 2014b ).
Habitat and regional occurrence
There was a strong positive relationship between the number of host species and number of mites of a given clade barcoded (Spearman's correlation, r S = 0.78, p < 0.001; Fig. 2 ). Water mites that were sampled and barcoded more often had a higher number of host species. Water mite clades collected at both bogs and marshes had a broader host-species range (Kruskal-Wallis H test, H = 8.23, df = 2, p = 0.016; Fig. 3 ). From the Mann-Whitney U tests, there was no difference between host-species range and numbers of mites found only in bogs or only in marshes (U = 0.35, df = 1, p = 0.72) or between host-species range of mites only in bogs and host-species range for mites in both bogs and marshes (U = 1.49, df = 1, p = 0.14). This latter result is likely due to the small sample size, as there was only one mite clade that was found only in bogs. There was a significant difference between host-species range of mites found only in marshes and host-species range of mites found in both bogs and marshes (U = 2.54, df = 1, p = 0.011), with the latter having a significantly greater host-species range.
There was a strong positive relationship between regional occurrence of a water mite clade and its host-species range (Spearman's correlation, r S = 0.84, p < 0.001; Fig. 4 ). Water mite clades that were collected at more sites had broader host-species ranges, although there were cases of clades with small sample sizes being found on a surprisingly high number of host species for that sample size (Table 2) . Similar exceptions were found with respect to regional occurrence: for example, repeated instances of a clade represented by two individuals collected at two sites (Table 2) .
Discussion
Our main objectives were to determine whether Arrenurus clades collected only from marshes or from bogs had greater host specificity (i.e., narrower host-species range) than those mites found in both habitat types, as well as to explore how regional occurrence of a water mite clade related to its number of host species exploited. Both variables are correlated with host-species range: as the regional occurrence of a water mite species increased so did its host-species range. Furthermore, water mites that were present in both marshes and bogs had broader hostspecies ranges than if they were only present at marshes.
There are issues with this type of correlational study in that certain clades or species may be regionally less well represented in samples than they actually are in nature. We expect a positive relationship between the number of mites barcoded from a given clade and the regional occurrence or host-species range, because with more mites, there is a greater likelihood for them to be sampled from different sites (habitats) or different host species. However, this problem is not easily decoupled from the fact that mites with broader host-species ranges or broader regional occurrences will be sampled more and randomly chosen for barcoding more often. In brief, the sample size for a given clade or species could reflect something biological: that is, how well represented in nature that clade is. We think that this is the case for our data because mites were chosen for barcoding using stratified random sampling based on host species. That is, we ensured that mites from all host species were represented to increase the chances of documenting all or most host-parasite relations. We also found that clades represented by even small samples can still have relatively broad host-species ranges for that sample size, using this approach (Table 2) . We could not test explicitly whether there was a sampling bias, given that we constrained our sampling, for the reasons discussed above.
Our findings provide some support for the argument that if a parasite species is able to survive at more sites during its freeliving stages, then it could come into contact with and parasitize more potential host species. However, our sample sizes were relatively small, as there was only one clade found exclusively at bogs. As a group, Arrenurus mites are able to live in a variety of freshwater habitats and attack a broad variety damselfly and dragonfly hosts (Smith et al. 2010) .
Even though this study encompasses a small regional area, it is one of the first studies exploring the drivers of host-species range in Arrenurus water mites. The region used for our study is notable for its high diversity of Arrenurus species, and it would be expected that many of the species found there would spill over into other ecozones (I. Smith, personal communication) . Arrenurus water mites are interesting because of their natural history; they have to be able to survive in a given environment during free-living stages of their life cycle (Smith et al. 2010) . Being both a parasite of aerial insects (as a larva) and a free-living aquatic organism (during the rest of its life cycle), they must be adapted to a diversity of conditions that change dramatically during the progression of their life cycle.
Arrenurus may be selected to be generalist parasites because density of single host species in the environment constrains the likelihood of encountering a suitable host (Wolinska and King 2009) . The majority of the Arrenurus species in this study infect several host species spanning at least two coenagrionid damselfly genera, which overlap within freshwater wetlands. Being generalists makes them different from Unionicola Haldeman, 1842 mites infecting mussels (Edwards and Vidrine 2006) . Unionicola mites Pagination not final (cite DOI) / Pagination provisoire (citer le DOI) tend to be specific to one or two host species within the same genus (Edwards and Vidrine 2006) . Like Unionicola, four clades (OTUs 2, 3, 6, and 13) were collected from only one host species. However, in each of these clades, few specimens were collected: two of OTU 13, seven of OTU 6, one of OTU 3, and three of OTU 2. These species either have narrow host-species ranges or there was some sampling error. In our case, we did not know which species of water mites we were sampling as larvae, i.e., we did not know a priori whether the water mites were host specific. However, we sampled host damselflies in a stratified and standardized way, so we can suggest that the numbers of water mites collected and barcoded can be considered a proxy of presence or absence across a range of sites and habitats. 
